Long interspersed nuclear elements (L1 or LINE-1) are the most abundant and active retroposons in the mammalian genome. Traditionally, the bulk of L1 sequences have been explained by the Fselfish DNA_ hypothesis; however, recently it has been also argued that L1s could play an important role in genome and gene organizations. The non-random chromosomal distribution of these retroelements is a striking feature considered to reflect this functionality. In the present study we have cloned and analyzed three different L1 fragments from the genome of the rodent Microtus cabrerae. In addition, we have examined the chromosomal distribution of this L1 in several species of Microtus, a very interesting group owing to the presence in some species of enlarged (Fgiant_) sex chromosomes. Interestingly, in all species analyzed, L1-retroposons have preferentially accumulated on both the giant-and the normal-sized sex chromosomes compared with the autosomes. Also we have demonstrated that L1-retroposons are not similarly distributed among the heterochromatic blocks of the giant sex chromosomes in M. cabrerae and M. agrestis, which suggest that L1 retroposition and amplification over the sex heterochromatin have been different and independent processes in each species. Finally, we proposed that the main factors responsible for the L1 distribution on the mammalian sex chromosomes are the heterochromatic nature of the Y chromosome and the possible role of L1 sequences during the X-inactivation process.
Introduction
A large fraction of the interspersed repeat DNA in mammals is composed of mobile genetic retroelements, defined by their mobilization through an RNA intermediary. Most of the sequences of retroposons belong to the LINE-1 (L1) family, which represents the most active and abundant retroelement in the mammalian genome (17Y20% of human and mouse genome) (Lander et al. 2001 , Waterston et al. 2002 .
A complete active L1 retroposon is approximately 7 kb long and presents a 5 0 UTR region with promoter activity, two ORF that code the machinery needed for retroposition, and a 3 0 UTR region ending in a poliA-rich tail (Kazazian 2000 , Deininger & Batzer 2002 . Despite their functional activity, complete L1 sequences are extremely rare and most L1 elements accumulated in the genome are truncated or rearranged copies without autonomous mobile capacity (Sassaman et al. 1997 , Kazazian 1999 ).
The bulk of L1 sequences in mammals have traditionally been explained by the Fjunk DNA_ hypothesis, which considers them as selfish elements that persist over time due to their replicative advantage over the host genome. However, it has also been argued that L1 elements could have acquired some beneficial functions for the host genome as a consequence of parallel co-evolution (Britten 1996a (Britten , 1996b . For instance, L1 retrotransposition is a source of genetic diversity due to changes in gene expression, location and organization, which is considered very important for genome plasticity and hence evolution (Kidwell & Lisch 1997 , Brosius 1999 , Kidwell 2002 . In relation to the Ffunctional_ hypothesis, it has also been argued that L1s could play an important role in genome organization and expression at chromosomal level (Bickmore & Sumner 1989 , Chen & Manuelidis 1989 , the most remarkable example of which is its proposed implication in X chromosome inactivation (Lyon 1998 , Bailey et al. 2000 . The principal support for the structural functions of L1 is based on the non-random distribution that they present in the mammalian genome. Thus, it has been shown that these retroelements are preferentially located in the AT-rich isochores of the genome (Jabbari & Bernardi 1998) . The non-random distribution of L1-retroelements is also evident among chromosomes, and a striking and still controversial issue is the special accumulation that they seem to present on the sex chromosomes compared with autosomes (Bailey et al. 2000 , Dobigny et al. 2004 , Waters et al. 2004 . However, analyses of L1 chromosomal distribution are not very common, and few mammalian species have been investigated so far.
The genus Microtus contains about 60 species distributed throughout the northern hemisphere, and is a very interesting mammalian group owing to the characteristic sex chromosomes described in some of them. In fact, four species (M. cabrerae, M. agrestis, M. chrotorrhinus and M. rossiaemeridionalis) have extremely large X and Y chromosomes, known as Fgiant_, due to the presence of enlarged blocks of constitutive heterochromatin. Thus, the X chromosome of M. agrestis, the longest found in mammals, comprises 20% of the genome (Nanda et al. 1988) , whereas the X chromosome of M. cabrerae represents nearly 15% of the genome (Kalscheuer et al. 1996) . In addition, seven other Microtus species show different extents of heterochromatin on the sex chromosome pair. The unique morphology of the Fgiant_ sex chromosomes makes this genus a good and interesting model to study sex chromosome composition, organization and evolution in mammals.
Several repeated sequences have previously been characterized from Microtus sex heterochromatin (reviewed in Marchal et al. 2003) . These sequences showed high interspecific variations related to the distribution, methylation and organization among the sex chromosomes, suggesting a high complexity in both composition and organization of the sex heterochromatin in Microtus. Several authors have considered the sex heterochromatic blocks to be the consequence of a natural predisposition of the X and Y chromosomes to accumulate heterochromatin (Burgos et al. 1990 , Modi 1993 , Singh et al. 2000 , although it remains unknown why this process took place in some but not all Microtus species. This amplification of repeated sequences on the giant sex chromosomes must have been an extremely fast process since the genus Microtus is thought to have radiated only 1.6 million years ago (Chaline & Graf 1988) . Furthermore, it has recently been demonstrated that the sex heterochromatin did not share a common origin and evolution in all these species (Marchal et al. 2004a) , which raises more questions about the striking matter of why and how the sex heterochromatic blocks evolved.
The analyses of the presence and distribution of L1-retroposons in the giant and normal-sized sex chromosomes of Microtus species could provide new insights about the general implications of these elements on the origin and composition of the sex heterochromatin in Microtus, as well as on the specific evolution and organization of the giant sex chromosomes of these rodents. Although previous studies suggest that L1-retroelements are an important component of the sex heterochromatin in M. rossiaemeridionalis (Kholodilov et al. 1993) and M. agrestis (Neitzel et al. 1998) , more studies about chromosomal and species distributions are still required in Microtus. In order to further this knowledge we have cloned three consecutive L1 fragments (3 kb of total length) from M. cabrerae genome and we have analyzed their pattern of distribution, organization and methylation on the giant sex chromosomes of this species. Furthermore, we have investigated the presence and distribution of these L1 sequences in other species with either giant sex chro-mosomes (M. agrestis), or normal-sized sex chromosomes (M. 
Material and methods

Genomic DNA extraction
Genomic DNA from several Microtus species was extracted following the standard phenolYchloroform procedures (Sambrook et al. 1989) . The samples used were male and female individuals of M. cabrera, M. agrestis and M. arvalis species.
Cloning and sequencing
In previous studies, Marchal et al. (2004b) demonstrated that when M. cabrerae male genomic DNA was restricted with EcoRI and analyzed by electrophoresis on 1% agarose gel, several bands could be observed after staining with ethidium bromide. Three of these bands, of approximately 500 bp, 750 bp and 1.8 kb, were eluted from the gel and cloned into pGEM-T easy vector (Promega) as described by Sánchez et al. (1996) . Recombinant colonies of E. coli JM109 were screened using as probe the same digoxigenin-labeled bands previously used for cloning. The positive clones were completely sequenced using the CEQ DTSC Quick Star Kit from Beckman Coulter and sequence reactions were subsequently analyzed in a Beckman Coulter automated sequencer (model CEQ 2000XL).
Southern blot
Genomic DNAs were digested with restriction endonucleases, separated in 1% agarose gel and blotted onto Nylon membranes (Amersham) according to Bullejos et al. (1997) 
Sequence analysis
Pairwise and multiple sequence alignments were performed with the program CLUSTAL W 1.6 (Thompson et al. 1994) . Sequence homology searches were carried out in Gen Bank using the BLASTN 2.2.2 program with default parameters (Altschul et al. 1997) .
Chromosome preparation and fluorescent in-situ hybridization (FISH)
Chromosomes from M. nivalis were obtained as previously described (Marchal et al. 2004a) . Permanent fibroblast cell lines from both male and female individuals of M. cabrerae, and from male individuals of M. agrestis, M. arvalis, M. oeconomus and M. guentheri were used to obtain chromosomes following the method of Neitzel et al. (1998) .
FISH was performed using as probes the clones McaL1(500)-5, McaL1(750)-18 and McaL1(1.8)-44 (see below), all of them PCR-labeled with Spectrumorange-dUTP (Vysis). The procedure was essentially similar to that previously reported by Marchal et al. (2004a,b) with partial modifications in the posthybridization conditions. Briefly, post-washes were performed at high-stringency conditions (0.4 Â SSC/ 0.3% Igepal detergent for 2 min at 70-C) or at medium-stringency conditions (using the same solution but at 55-C).
Results
Restriction analysis of M. cabrerae male genomic DNA with EcoRI showed three bands of approximately 500 bp, 750 bp and 1.8 kb following electrophoresis. After cloning and screening analyses we obtained and subsequently sequenced four positive clones from the 500 bp band (named McaL1 (500) (Kholodilov et al. 1993 ) ranged from 80.7% to 89.0%, and with L1MdA2, which included a complete L1-retroposons from Mus musculus (Loeb et al. 1986 ) was between 69.5% and 75.5%.
Translation of each McaL1 clone resulted in multiple stop codons, which demonstrated that all McaL1 sequences analyzed in this study correspond to non-functional copies of L1-retroposons.
To investigate the organization of McaL1 sequences we performed Southern blot analysis on M. (Loeb et al. 1986 ); MS1: M. rossiaemeridionalis L1 fragment (1800 bp) (Kholodilov et al. 1993) ; Mk1: M. kirguisorum L1 fragment (5147 bp) (Mayorov et al. 1999) ; McaL1: M. cabrerae L1 fragments (500 bp, 750 bp and 1.8 kb) (present study); pMAEco14: M. agrestis L1 fragment (567 bp is the L1 fragment and 1210 bp a repeated DNA sequence without homology with L1) (Neitzel et al. 1998) . (750) were used as probes we also observed a male specific band of 2.5 kb (Figure 2a and b) , probably originated by the loss of an EcoRI restriction site. We also observed a high molecular weight smear in both sexes, particularly when McaL1(1.8) was used as the probe. In female samples several intense bands were seen in McaL1(750) and McaL1(1.8) hybridizations, probably corresponding to sequences located on the X FISH experiments revealed a similar chromosomal distribution for all McaL1 sequences (McaL1(500), McaL1(750) and McaL1(1.8)) in M. cabrerae. When using high-stringency conditions the McaL1 sequences were exclusively located on the heterochromatic block of the Y chromosome, which occupies its entire long arm (Figure 3a) . Under medium-stringency conditions the hybridization signals were located on most autosomes, but especially on Xeuchromatin, which occupies the distal part of the long arm of this chromosome. However, the heterochromatic block of the giant X chromosome, which occupies the entire short arm and the proximal part of the long arm, scarcely showed any signal (Figure 3b ).
Chromosomal distribution of McaL1(1.8) and McaL1(750) sequences was analyzed by FISH, under medium-stringency conditions, in five Microtus species (M. agrestis, M. arvalis, M. nivalis, M. oeconomus and M. guentheri) (Figure 3c, d, e, f, g ). In M. agrestis, a species with enlarged sex chromosomes, both sequences showed a similar location, heavily accumulated on the heterochromatic blocks of both sex chromosomes. In addition, both sequences are present on the X-euchromatin and nearly absent on autosomes (Figure 3c ). In M. arvalis, M. nivalis and M. guentheri, McaL1 sequences are similarly distributed with a high density on the Yheterochromatin, and to a lesser extent on the X chromosome and on most autosomes (Figure 3d , e, f). Finally, in M. oeconomus both sequences are present on some autosomes and also in the sex chromosomes, but the hybridization signals were less intense than in the other Microtus analyzed (Figure 3g) .
The methylation status of McaL1(1.8) and McaL1(750) sequences was investigated in M. cabrerae and M. agrestis species. For this purpose male and female genomic DNA was restricted with either the methylation-sensitive enzyme MboI or the methylation-insensitive enzyme Sau3AI, and subsequently hybridized with probes from both sequences (Figure 4) . While in M. cabrerae the restriction pattern showed differences between male and female with both probes, no differences were observed between male and female in M. agrestis. Despite this fact, in both species the restriction pattern of these sequences showed no differences with both enzymes, with the exception of some bands in M. cabrerae and M. agrestis with the 750 bp probe, indicating that the level of methylation of McaL1 sequences is very low. Methylation has been described in other sequences in Microtus but this is not a common feature of the repeated DNA sequences in these species, which show a variable level of methylation according to the sequence, the chromosome and the species considered .
Discussion
L1 retroelements as components of the sex heterochromatin in Microtus
In the present study we have demonstrated that L1 sequences are widely distributed in Microtus cabrerae genome, where they represent an important component of the enlarged sex chromosomes. In particular, we have cloned and analyzed three different L1 fragments, named McaL1(1.8), McaL1 (750) and McaL1(500), that take up õ3 kb from the second ORF of this retroposon. Sequence analysis of the McaL1 clones described here revealed that all of them correspond to non-functional copies of L1-retroposons. This is not surprising considering that L1 retroposition generates mostly defective copies that remain on the genome as mutated or rearranged L1 sequences (Furano 2000 , Boissinot & Furano 2001 .
The amplification and distribution of McaL1 sequences in M. cabrerae was determined by FISH analysis. When high-stringency conditions were used on hybridization, McaL1 sequences were only located along the heterochromatic block of the Y chromosome. However, FISH analysis under lowstringency conditions showed a wide chromosomal distribution. Therefore, it is quite likely that the nonmale-specific signals on the FISH out of the Y chromosome correspond to L1 elements homologous to McaL1 sequences, which are distributed along the genome, while the McaL1 sequences seem to be confined to the Y chromosome. In particular, L1 retroelements are also highly accumulated on the euchromatic region of the X chromosome and on most autosomes. However, the heterochromatic block of the X chromosome, unlike the Y chromosome heterochromatin, seems to be depleted of L1-retroposons. Therefore, our study has revealed both the particular distribution of McaL1 sequences on the Y chromosome and the general location of L1-retroposons over the chromosomes of M. cabrerae.
The molecular composition of the heterochromatin of the giant sex chromosomes is very interesting and has remained fairly unknown in some Microtus species, particularly in M. cabrerae. In fact, only four different sequences had been characterized up to now from the heterochromatic blocks of this species: (1) the satellite DNA Msat-160, located on the Yand X-heterochromatin (Fernández et al. 2001) ; (2) the repeated sequence MS2, located on the Xheterochromatin (Modi et al. 2003) ; (3) the repeated sequence McaY(851), heavily amplified along the Yheterochromatin (Marchal et al. 2004b) ; and (4) SRY pseudogenes, distributed as multiple clusters on the heterochromatic block of the X chromosome (Fernández et al. 2002) . Our present studies have revealed a new family of repeated sequences, named McaL1, that comprise a big fraction of the Yheterochromatin in M. cabrerae. Hence, molecular composition of the sex heterochromatin in this species seems to be very heterogeneous, as previously reported in other Microtus species. In fact, up to 12 different repeated sequences, mainly classified as satellite DNAs, middle repeated sequences of complex organization or genetic mobile elements have been described in the heterochromatic blocks of the giant sex chromosomes of this group (reviewed in Marchal et al. 2003) . Moreover, most of these sequences show a species-specific amplification and distribution pattern, indicating high complexity and independent origin for the sex heterochromatin in each Microtus species.
Southern blot analyses suggest that L1-retroposons in M. cabrerae are organized as interspersed repeated DNA. This is an expected result as the bulk of L1 sequences are proposed to be the main component of the interspersed repeated domain in mammalian genomes (Deininger & Batzer 2002) . Furthermore, McaL1(1.8) and McaL1(750) sequences seem to be associated on a repeated unit of 2.5 kb in the male genome of M. cabrerae, and also in M. agrestis and M. arvalis genomes (data not shown for the last two species). Our study also suggest that L1-retroposons are not organized in tandem arrays over the Y heterochromatic blocks of M. cabrerae, but are probably interspersed with other repeated sequences in a complex and high order structure, as previously reported in M. rossiaemeridionalis (Kozlova et al. 2003) . A similar molecular organization on the heterochromatic blocks has also been described for other sequences in Microtus species as McaY(851) (Marchal et al. 2004b) , MS2 (Mayorov et al. 1996) , MS4 (Elisaphenko et al. 1998) , pMAHae2 (Kalscheuer et al. 1996) and pMAEco14 (Neitzel et al. 1998) .
L1 distribution on the giant sex chromosomes of Microtus turned out to be quite different between species. In M. cabrerae these retroposons follow a striking asymmetric pattern of distribution: amplified on the Y-heterochromatin and X-euchromatin but depleted from the X-heterochromatin. However, in M. agrestis L1 sequences are symmetrically distributed since they are amplified on the heterochromatic blocks of both X and Y chromosomes, and to a lesser extent on the euchromatin. The distribution observed in M. agrestis is very similar to that previously noticed for pMAEco14 repeated DNA, which includes a L1 fragment of 567 bp, and confirms the proposed similar amplification and distribution of L1 in both sex chromosomes of this species (Neitzel et al. 1998) . Also, L1s seems to be highly and similarly amplified on the heterochromatic blocks of the giant X and Y chromosomes of M. rossiaemeridionalis (Kholodilov et al. 1993) . Therefore, L1 retroposition and amplification over the giant sex chromosomes have been different and independent processes in each species, probably conditioned by the particular evolution of the sex heterochromatin in each one.
In the Microtus species with normal-sized sex chromosomes investigated in this study, L1-retroposons were deeply accumulated on the X and Y chromosomes compared with autosomes, except in M. oeconomus. In addition, the distribution pattern found for these retroposons was very similar in all of them: high amplification on the Y-heterochromatin and, to a lesser extent, on the X-euchromatin. Similarly, a preferential accumulation on the sex chromosomes was earlier described for a L1 of M. kirguisorum (Mk1) in closely related species (Mayorov et al. 1999) .
Accumulation of L1 retroelements on the sex chromosomes: functional and evolutionary implications L1 sequences appear not to be randomly distributed along the mammalian genome, a feature considered to be very important for the structural organization of the chromosomal domains and for the regulation of the gene expression (Bickmore and Sumner 1989, Chen and Manuelidis 1989) . A very striking and controversial issue of L1 distribution is the special accumulation on the sex chromosomes reported in some species (Bailey et al. 2000 , Dobigny et al. 2004 , Waters et al. 2004 . The present study clearly shows that L1 retroposons are also preferentially accumulated on both the giant and the normal-sized X and Y chromosomes of Microtus. A group of proposed theories consider that the high L1 contents on both sex chromosomes do not reveal any functional significance. In particular, these hypotheses are respectively based on either (1) a favoured L1 insertion due to the late replicating status or (2) a not-favoured L1 removal due to the reduced rates of meiotic recombination that sex chromosomes present compared with autosomes (Langley et al. 1988 , Wichman et al. 1992 . In Microtus species the second explanation could have been important since the sex chromosomes of most of them are asynaptic and, hence, do not recombine during meiosis (Borodin et al. 1995 , Megías-Nogales et al. 2003 . However, we suggest that L1 distribution on the X and Y chromosomes of Microtus probably results from the concurrent action of several processes.
On the mammalian Y chromosome a high content on L1-retroposons could be easily tolerated since this chromosome contains only few genes and is mainly heterochromatic (Marshall Graves 2000 . In fact it has even proposed that retroposon accumulation has been one of the main driving forces responsible for the degenerative evolution of the mammalian Y chromosome (Steinemann & Steinemann 2000) . In Microtus it is very likely that L1 retroelements were already present in high numbers on the heterochromatin of the primitive Y chromosome as these sequences are present on: (1) the Y-heterochromatin of all Microtus species studied and (2) the Y-heterochromatin of M. nivalis, a species considered one of the most ancient in this genus (Burgos et al. 1988) . Subsequently, during the evolution of the giant Y chromosome that took place in M. cabrerae, M. agrestis and M. rossiaemeridionalis, L1 sequences could have been amplified and distributed over the whole heterochromatic block by means of retroposition or any other mechanisms of heterochromatin amplification.
On the other hand, the X chromosome is highly conserved among mammals and the high number of genes that it contains gave rise to the idea of a functional significance for L1 accumulation. In particular, it has been hypothesized that L1 sequences could play an important role in the X-inactivation process, working along the chromosome as booster elements of the inactivation signal produced by the Xist gene (Lyon 1998 , Bailey et al. 2000 , Lyon 2000 . The high L1 accumulation on the X euchromatin of all Microtus analyzed in our study also agrees with Lyon's hypothesis (Lyon 1998 (Lyon , 2000 .
In contrast to the euchromatin, L1 distribution over the heterochromatin of the giant X chromosome is more likely to be a consequence of its particular evolution in each Microtus species. Thus, in M. agrestis the sequences that make up the heterochromatic blocks are the same on both sex chromosomes (Marchal et al. 2004a) , so L1 retroposons accumulated on the Y-heterochromatin were probably, at the same time, also added on the X-heterochromatin. However, the sequences amplified during the evolution of the heterochromatic blocks of M. cabrerae have been different in each sex chromosome (Marchal et al. 2004a) , and this could explain the L1 depletion from the X-heterochromatin despite the high amplification observed on the Y-heterochromatin.
